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INTRODUCT ION

It is generally accepted thal AgI in a finely subdivided form and
suspended in air provides the most practical and efficient means of
modifying supercooled clouds. Thus it comes as somewhat of a
surprise that in more than 25 years since Vonnegut [I], [2]
discovered ihe ice nucleating ability of Ag!, no one yet has
given a proven explanation of the behavior of Aal as a function of
its subdivision. That information Is of obvious practical
i mportance. For most modifications the vastness of the atmosphere
dictates that the output of Agl particle generators, which can
vary over as many as four order of magnitudes [3], be optimized.
In addition, others [4], [5] have suggested thal a numerical
value of the efficiency is also required, since the outcome of
the cloud seeding depends on the in-cloud concentration of
the AgI particles.

At first glance the largest number of Ag! particles capable of
nucleating ice simply might De synonymous with the greatest
attainable state of subdivision of the bulk Ag9 in the generator.
Onfortinately, that is not the case. There must exist a
particle size below which the particles' curvature and limited
surface area inhibit nucleation. A further corrpl ication is the
need to specify which of several nucleating mechanisms are
involved in the cloud, and how those are dependent on the particles'
size. Theoretical and experimental attempts have been made to
determine the Ag! particle size-ice-nucleating activity
relationship. However the theory has not yet been proved correct,
and the experiments have been very limited. This paper, the
first of a four part series, introduces our effort towards
filling this gap in our knowledge.

FLETCHERIS THEORY

For a time it seemed that Fletcher [6], [7] had dev-Eloped a
successful theory. He essentially applied the classical nucleation
theory of Volmer and Weber [8] to AgI particles which had a
uniform crystal line surface and which nucleated ice by sub-
limation.* The theory also required specifying a value for the

*The term sublimation, as used by Fletcher, strictly refers to the
process in which ice nucleates on the particles directly from the
surrounding vapor. In th~s paper sublimation will also include ice
nucleation at and below water saturation without the presence of
mrucroscopic quantities of water. The adsorption of water onto the
A!l surfuce to form liquid embryos which subsequently freeze is thus
included. Freezing will refer to ice ".ucleation when the Aal
rdxrtic'W, eihto tti ItdCtS or is enclosed in a water droplet.
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dependence of the time effect ruled out, as an explanation of the
tirre lag, the additional time required for the particles to
diffuse to the droplets. It is interesting to note hcw the
majority of 6xperimental work with AgI has ignored the early
observations of nucleation time dependency.

The failure of Fletcher's theory to account for the observations of
fractional activity and the dependence of activity on particle area
was blared on his assumption that any part of the uniform surface
of the Agi particle was as likely as ary other part to nucleate
the ice phase. Edwards et al. [233 neatly ac )unted for the
observations by postulating Instead the existence of an inhomogeneous
Agi surface on which randomly distributed sites of widely
different efficiencies nucleated ice. Various proposals have
been made about the unknown nature of these "active sites,':
including hygroscopic patches of impurity atoms [31], [32],
electrical inhomogeneities [20:1, and crystal growth steps C3].
Since the first two types of sites affect the adsorption of water on
the AgI surface, they might well be important in nucleation by
sublimation. However, their roles in freezing are unccrtain.
The third type of site was used by Fletcher [33] to develop new
rate expressions for nucleation by freezing. He was now convinced
that his earlier application of classical theory was incorrect.

Nearly all of the experiments referred to above have suggested
errors in vdr iout aspects of Fletcher's original theory. Yet only
a handful of work has been done on the most imrportant one: the
theory essentially tries to predict the size of the Aal particles
below which they no longer assist nucleation. Probably tnat
size as well as The size of most of the particles from Act
generators is below O.Iwrm. Thus measurements of the relatio.sship
between nucleation ability and particle size in that range are
of the greatest relevance not only for compariscn with the theory,
but also for discovering the most active generator output.

Owing to the difficulty of determining particle size spectra
below O.l1.Lm, those measurements have not tPen completed. Some
results were obtained by MVdrUyama [34], 'ossoo and Yayaweera [24],
Sano et al. [35], and Edwards and Evans [22]. The first three
investigators measured the nucleus size of repl icated ice crystals
formed by AgI smoke particles injected into a cold chamber.
Maruyama found 0.4, 0.2. and 0.O8um to be the sizes of the smallest
active nuclei at -5, -10, and -14C, respectively, aithouah the
increments in his size histooram were about 0.Ium. Mossop and
Yayaweera tested Agl-Nal smoke and a!so founa a Temperature
dependence, but shifted to smaller particle sizes. The involved
nature of the replication tecnnique appears to have rnade impractical

4



,j thorough :3udy of the activity-particle size relationship.
The last two grojps of Investigators sized the AgI particles
before testino their activity. Sano et al. found approximate
ciyrcemnnt with Fletcher's subl Imation theory, while Edwards and
Lvans corcluded that particles of about 0.021im activated Ice near
-9C by the freezing mechanism. Two difficulties are encountered
in sizing Aal particles beforehand. Not only Is the definite
connection between the particles' size and activation lost,
but in addition a guess must be made of the nucleation rrechanism
when the particles are blowr into the cold box.

CENTRIFUGAL SIZING OF NUCL.,

Allee et al. [36] proposed a new techncai, that promised
te. e; irinate the experimental difficulte;s of sizing active

ice nuclei. Essentially, the Goetz Aerool Spectrometer, a
high-speed centrifuge developed by Coe-'z ot al. [37], is used to
cepisit airborne nuclei alonj its inert collection foil according
to their size. The foil is removed from the centrifige, cooled
to the desired subfreezing temperature, and then humidified
in a way which simulates the conditions for nucleation by either
sublimation or freezing. In this controlled environment, the
aciive nuciei grow into visible ice crystals. lo find their size,
oIly the location of the ice crystals need be recorded since the
coorcinates of the foil are related to particle size by Stokes
law afler calibration of ine foil with particles of known size,

snape, and density.

The centrifuge technique has been tried several tires with AgI
smoke particles. On two occasions (Allee et al. [38], and Gerber [39])
the measured activity spectrum of the AgI particles between the

sizes of 0.02 and 0.lIm closely resembled the predictions of
Fletcher's sublirration theory. However, Gerber [40] later
suggested thai the freezing mechanism hac actually been observed
due to flaws in the experimental procedure. Additional measurements
[41] of tr.e particles' freezing activity gave results which differed
sormewhaT from the previous work. Some uncertainty existed in
these last measuremernts since the size of the AgI particles
was difficult to deline due to their highly coagulated nature.
In addition, a large error might have been included since the
nucleation time lag again was not accounted for. Obviously,
the centrifuge technique had not yet been successfully util ized.

The Goetz Aerosol Spectrometer was chosen for the present study
because it is rhe only available instrument capable of determining
the sinal I sizes of ective Ag, particles. Although the manufacturer

of this centrifuge claimed sizing accuracy for polydisperse

5



particles between 0.03 and 3.Ojpm, controversy surrourded the
accuracy of its measurements for many years. In a Comprehensive
theori-cal discuss'on of the instrument's behavior, Sloeler ond

Zessack [42] showed that the centrifuge hau inherent fl-w, which
prevented it from accurately sizing particles. Altnougu- they
offered a limited amount of supportirn experimental work, soMe
question of the instrument's capabilities still remained. They
had not explained why the original calibration work of Goetz
et al. [37] reflected proper operation of the centrifuge.
Additional experimental evaluations of the centrifu.;e failec.
clarify its usefulness. Raaee F43] sided wilh the treory,
but the statistical error of h~s data was Too laroe to DerriT a
firm conclusion; the work of Baust [44] fouLnd abnormalities in
tne operation of the centrifuqe, but not in the manner predicted hi

Stobc- and Zessack [42].

Gerber's recent evaluation of all the previous work concluded TnaT
the verdicts of the instrument's capabil ities lacked ex-erimenta!

evidence [45]. As a result of the first thorough calibration,
he discovered tne operating conditions for accurate use of the
centrifuge, the incorrect assumpution which inval idaled the T-heory

of StoLer and Zessack, and an explanation of 1he inconsistencies
in the previous cal iDration attempts. The one ot her corr.•rcrially
available centrifuge [46] was ro- suitable for the present purpose,
snce it loses its resolution for particles smaller thar. about
0.1 Jim.

ChCLUD I .VG REMARKS

The subsequent papers of This study will describe the use ý-f the

centrifuge technique to measure the abil t, of Agl srroke particles
to nucleate supercooled water as a function of particle size,
Temperature, and activation time .The exnerimental aspects,
generation of the Acl particles, medsurement of their shadc anc sizo
distributions, construction of a new cold chamber with tne proper
temperature and humidity control, and the measurement of the

active fraction of the AgI particles will be given in deliil.
In addition, another look will be taken at Fletcher's theories to
see how they fare in the particle size region where they should
be most appl icable.

11 is hoped that this effort will answer some of the many remaining

questions concerning the action. of Acl as a freezirg nucleus.
Those qcuestions include: What is the physical nature of the
nucleation process, and can this process be described Theoretically,
what is the prooer role of the nucleation tire :ag, and Perhaps
mos' imrortant of alr, what is the relafionsnip between Acd
purlcle size and nucleatinci ability?

6
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